Introduction
============

Stem and progenitor cells have been identified as major contributors to the development, homeostasis nd repair of tissues and organs ([@b1-mmr-18-02-2097]--[@b3-mmr-18-02-2097]). Tissue damage triggers the secretion of immunomodulatory and trophic factors from stem cells, supporting the repair process ([@b4-mmr-18-02-2097]). Among the numerous adult stem/progenitor cells, mesenchymal stem cells (MSCs) exhibit great potential for use in numerous medical applications ([@b5-mmr-18-02-2097]). MSCs exhibit adherent growth, a fibroblast-like shape, and a capacity for self-renewal and differentiation into numerous cell types, including all three germ layers ([@b6-mmr-18-02-2097]--[@b8-mmr-18-02-2097]). Among the various types of MSCs, bone marrow MSCs (BM-MSCs), which are pluripotent progenitor cells, are deemed to be able to influence natural immune function ([@b9-mmr-18-02-2097]), the inhibition of local inflammatory responses ([@b10-mmr-18-02-2097]) and sepsis ([@b11-mmr-18-02-2097],[@b12-mmr-18-02-2097]). Although a number of studies on BM-MSCs derived from various species, including human ([@b13-mmr-18-02-2097]), rat ([@b14-mmr-18-02-2097]), rabbit ([@b15-mmr-18-02-2097]), sheep ([@b16-mmr-18-02-2097]), chicken ([@b17-mmr-18-02-2097]) and bovine ([@b18-mmr-18-02-2097]) species, have been performed, there have been no reports, to the best of our knowledge, on Tibetan mastiff-derived BM-MSCs. Therefore, the characterization of BM-MSCs from the Tibetan mastiff has not yet been performed.

The Tibetan mastiff is one of the oldest dog breeds in the world, and has been domesticated and introduced into many other countries as a pet ([@b19-mmr-18-02-2097]). The Tibetan mastiff has adjusted to survival at high altitudes (typically 4,500 m above sea level) ([@b20-mmr-18-02-2097]). As the Tibetan mastiff has an enhanced metabolic capacity, it is able to grow a healthy body and maintain good physiological functioning even at high elevations ([@b21-mmr-18-02-2097]). Tibetan mastiffs have been a common breed in the Qinghai-Tibet Plateau for thousands of years ([@b22-mmr-18-02-2097]), and are predominantly found in the Sichuan, Qinghai and Tibet regions in China. Tibetan mastiffs share a number of prevalent diseases, including diabetes, heart disease, liver injury, blindness, deafness, heart disease and epilepsy, with humans ([@b23-mmr-18-02-2097]). As this breed has evolved as a pet, it has become necessary to find effective treatments for the diseases that may become a threat to the health of Tibetan mastiffs ([@b23-mmr-18-02-2097]).

The liver is a key metabolic organ in humans and other animal species, and end-stage liver disease is a condition that is frequently accompanied by serious complications, in addition to endangering life ([@b24-mmr-18-02-2097]). Infectious canine hepatitis is a common disease that is caused by canine adenovirus type-1. This virus may infect numerous organs, and most frequently attacks the liver, causing hepatitis. The clinical symptoms of infectious canine hepatitis include thirst, loss of appetite, tonsillitis, hepatomegaly and abdominal tenderness, and animals may additionally have conjunctivitis, photophobia and increased eye secretions. In addition, as the virus multiplies within the iris and ciliary body and causes corneal edema and opacity, 'blue eyes' is frequently observed with this disease. The virus may be contracted via direct contact with contaminated urine, feces or other fluids from an infected dog, and may affect dogs of all ages and breeds ([@b25-mmr-18-02-2097]). Injection of hepatocyte-like cells has been demonstrated to be a highly effective treatment for liver injury ([@b26-mmr-18-02-2097]). BM-MSCs differentiate into functional hepatocyte-like cells, and may therefore be an attractive basis for novel therapies for liver diseases.

Diabetes mellitus (DM) is one of the most common endocrine and metabolic diseases in canines. DM primarily occurs in older dogs, and its prevalence is rising year by year. The estimated prevalence of diabetes in canines is 1/2,000 to 1/66. In domestic dogs, the typical age of onset is 7--9 years and the prevalence is 0.1--0.6%; it is approximately three times more prevalent in female dogs compared with male dogs, with the highest prevalence in obese dogs aged \>5 years ([@b27-mmr-18-02-2097]). There is no internationally recognized standard for the classification of canine and feline diabetes; however, canine diabetes may be divided into insulin-dependent and insulin-independent classes ([@b28-mmr-18-02-2097]). DM is a metabolic disorder that causes hyperglycemia, and it has been demonstrated to influence the metabolism of carbohydrates, lipids and proteins ([@b29-mmr-18-02-2097]). Additionally, DM is an endocrine disorder that affects the immune system ([@b30-mmr-18-02-2097]). An effective cure for diabetes is urgently required. A number of studies have demonstrated that BM-MSCs may be differentiated into functional insulin-secreting cells *in vitro*, highlighting their therapeutic potential for the treatment of diabetes.

In the present study, a culture of Tibetan mastiff BM-MSCs was established, and differentiation of the cells into three different germ layers was induced. Furthermore, the function of induced liver cells and insulin-secreting cells was determined, thereby demonstrating the preparation of BM-MSCs for the treatment of various diseases. Their biological characteristics with respect to growth kinetics and surface antigen expression were additionally investigated. The present study may provide a basis for the examination of Tibetan mastiff-derived BM-MSCs and may provide a novel direction for the development of treatments for certain canine diseases.

Materials and methods
=====================

### Experimental animals

A total of two male Tibetan mastiffs (1 day old; weight, 480 g) were provided by the Beijing Tibetan Mastiff breeding base (Beijing, China) and maintained at a temperature of 22°C under a 12-h light/dark cycle and had free access to food and water. Animal experimental procedures were consistent with the Institutional Animal Care guidelines. The present study was approved by the Institute of Animal Science, Chinese Academy of Agricultural Sciences (Beijing, China).

### Isolation, culture, and purification of BM-MSCs

BM-MSCs were purified and cultured according to a previously published culture system for BM-MSCs ([@b31-mmr-18-02-2097]). Tibetan mastiff bone marrow samples were isolated from femoral and tibial fractures. The bone marrow was washed three times with low-glucose Dulbecco\'s modified Eagle\'s medium (L-DMEM; Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) supplemented with 1% penicillin/streptomycin. The cell infusion was centrifuged at 250 × g for 10 min, the supernatant was discarded, and the pellet resuspended in complete medium consisting of 90% (v/v) L-DMEM, 10% (v/v) fetal bovine serum (FBS; Gibco; Thermo Fisher Scientific, Inc.), 1% (v/v) L-glutamine and 10 ng/ml fibroblast growth factor (FGF)-β (PeproTech, Inc., Rocky Hill, NJ, USA). The cells were seeded into a culture plate at 1×10^5^ cells/ml and incubated at 37°C in an incubator with 5% CO~2~.

### Immunofluorescence analysis of BM-MSC surface markers

BM-MSCs were fixed with 4% (w/v) paraformaldehyde at 4°C for 30 min and permeabilized with 0.25% (v/v) Triton X-100 at room temperature for 15 min. BM-MSCs were subsequently blocked in 10% (v/v) goat serum (BIOSS, Beijing, China) at room temperature for 60 min and incubated with the following antibodies: Anti-CD29 (cat. no. bs-20631R; 1:200); anti-CD44 (cat. no. bs-0521R; 1:200), anti-CD90 (cat. no. bs-0778R; 1:200); anti-CD105 (cat. no. bs-0579R; 1:200); anti-vimentin (cat. no. bs-8533R; 1:200; all from BIOSS); anti-ALB (cat. no. ab83465; 1:200). Subsequently, cells were incubated with fluorescein isothiocyanate (FITC)-conjugated goat anti-rabbit secondary antibodies (cat. no. ZF-0311; 1:200; OriGene Technologies, Inc., Beijing, China) at room temperature. Finally, cells were counterstained with DAPI (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany). Images were captured using a Nikon TE-2000-E confocal microscope with an attached Nikon ZE-1-C1 3.70 digital camera system (Nikon Corporation, Tokyo, Japan).

### Semi-quantitative-polymerase chain reaction (PCR)

Total RNA was extracted from cells using TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc.), and reverse transcribed into cDNA using a Reverse Transcription kit (Takara Biotechnology Co., Ltd., Dalian, China). cDNA was amplified by PCR using specific primers, with GAPDH as an internal control ([Table I](#tI-mmr-18-02-2097){ref-type="table"}). The reaction conditions consisted of an initial denaturation step at 94°C for 5 min, followed by 30 cycles at 94°C for 30 sec, 55--60°C for 30 sec and 72°C for 30 sec, and a fnal cycle at 72°C for 10 min. The products were visualized on 2% agarose gels with ethidium bromide.

### Flow cytometric analysis

To detect the levels of vimentin, CD44, CD90 and CD105, the present study characterized passage 8 cells by fluorescence-activated cell sorting. In brief, cells were detached with trypsin, fixed with 70% precooling ethyl alcohol overnight at 4°C and incubated with monoclonal antibodies anti-CD44 (cat. no. bs-0521R; 1:200), anti-CD90 (cat. no. bs-0778R; 1:200), anti-CD105 (cat. no. bs-0579R; 1:200) and anti-vimentin (cat. no. bs-8533R; 1:200; all from BIOSS). Cells were subsequently stained with FITC-conjugated goat anti-rabbit secondary antibodies (cat. no. ZF-0311; 1:200; OriGene Technologies, Inc., Beijing, China). For the negative control, the cells were incubated with PBS instead. Secondary antibodies were omitted. Cells were evaluated by the FC500 flow cytometer (BD Biosciences, Franklin Lakes, NJ, CA, USA). The mean fluorescence intensity was determined with Windows FCS Express version 3 (De Novo Software, Glendale, CA, USA).

### Growth curve assay

The growth curves of BM-MSCs at passage (P)4, 12 and 21 were determined. Cells (1×10^4^) were inoculated into each well of a 24-well plate. Cells were selected from three random wells to count using a hemocytometer each day, and growth curves were constructed based on the mean values. The population doubling times were calculated for 8 days according to the growth curves.

### Karyotype and chromosome analysis

Chromosomes were prepared and analyzed according to standard methods ([@b32-mmr-18-02-2097]). Following Giemsa staining, the numbers of chromosomes were calculated and analyzed according to previously described protocols ([@b33-mmr-18-02-2097],[@b34-mmr-18-02-2097]).

### Colony-forming unit fibroblast (CFU-F) assay

To assess clonogenic potential, cells were plated at a low density (100 cells/cm^2^) and cultured in complete medium at 37°C for 2 weeks. The medium was replaced twice per week. CFU-F analysis was conducted after \~10 days culture. Colony-forming units were stained by Giemsa (1:10) at room temperature according to the manufacturer\'s protocols and counted under the light microscope. The colony-forming rate was formulated as colony-forming unit numbers/starting cell number per 24-well ×100%.

### Differentiation potential of BM-MSCs

For osteogenic differentiation of BM-MSCs, when BM-MSCs reached 70% confluence the culture medium was replaced with a medium composed of L-DMEM, 10% FBS, 100 nM dexamethasone, 10 mM β-glycerophosphate and 250 mM L-ascorbic acid. Cells cultured without dexamethasone, β-glycerophosphate (all Sigma-Aldrich; Merck KGaA) and L-ascorbic acid were used as a control. Cells were cultured for 22 days and the mediumwas replaced three times per week. Cells were fixed with 4% paraformaldehyde for 30 min at room temperature and stained with 0.1% Alizarin Red S (cat. no. A5533; Sigma-Aldrich; Merck KGaA) at room temperature according to the manufacturer\'s protocols when obvious calcium deposits appeared. The osteoblast-specific genes secreted phosphoprotein 1 (SPP1) and runt-related transcription factor 2 (RUNX2) were detected in the cells using semi-quantitative PCR ([Table I](#tI-mmr-18-02-2097){ref-type="table"}).

For adipogenic differentiation of BM-MSCs, BM-MSCs in 6-well plates at a density of 2×10^5^ cells/well were divided into an induced group and control group. Upon reaching 70% confluence, the induced group cells were incubated in adipocyte-inducing medium composed of L-DMEM, 10% FBS, 1.0 mmol/l dexamethasone, 0.5 mmol/l isobutyl-methylxanthine and 10 mg/l insulin (all Sigma-Aldrich; Merck KGaA) for 12 days. Control group cells were cultured in the same way without inducers. Cells were stained with 0.3% Oil Red O (cat. no. O8018; Beijing Solarbio Science & Technology Co., Ltd., Beijing, China) at room temperature according to the manufacturer\'s protocols, and adipocyte-specific genes \[peroxisome proliferator-activated receptor-γ (PPAR-γ) and lipoprotein lipase (LPL)\] were detected in cells by semi-quantitative PCR.

For chondrogenic differentiation of BM-MSCs, BM-MSCs were divided into an induced group and control group. Upon reaching 70% confluence, the culture medium of the induced group was replaced with chondrocyte-inducing medium consisting of DMEM/F12, 5% FBS, 1% insulin-transferrin selenium (ITS), 40 mg/ml L-proline, 39 ng/ml dexamethasone, 100 mg/ml sodium pyruvate, 50 mg/ml L-ascorbic acid, and 10 ng/ml transforming growth factor-β3. Control group cells were cultured in the same way without inducers. Cells were cultured with medium for three weeks and the medium was changed three times per week. Chondrocytes were identified by Alcian blue (cat. no. G2541; 1:100; Beijing Solarbio Science & Technology Co., Ltd.) staining at room temperature according to the manufacturer\'s protocols and semi-quantitative PCR analysis of chondrocyte-specific genes \[collagen type II α1 chain (COL2A1) and SRY-box 9 (SOX9)\].

For hepatocyte differentiation of BM-MSCs, BM-MSCs were divided into an induced group and a control group. Upon reaching 50% confluence, the culture medium of the induced group was replaced with a hepatocyte-inducing medium comprising L-DMEM, 5% FBS, 40 nmol/ml dexamethasone, 20 ng/ml FGF-4, 20 ng/ml HGF and 1% ITS (Sigma-Aldrich; Merck KGaA). Cells cultured without any inducers were used as the control group. Cells were cultured with medium for two weeks. The mediumwas changed three times per week. Periodic acid-Schiff (PAS; cat. no. G1360; Beijing Solarbio Science & Technology Co., Ltd.) staining at room temperature was used to detect glycogen according to the manufacturer\'s protocols. Hepatocyte-specific genes were detected via semi-quantitative PCR \[albumin (ALB) and α-fetoprotein (AFP)\] and immunofluorescence analysis (ALB).

For functional β-like cell differentiation, a three-step approach to induce the differentiation of BM-MSCs into insulin-secreting cells was used. In the first step, the cells were cultured with high-glucose DMEM, 10% FBS and 10^−6^ mol/l retinoic acid (Sigma-Aldrich; Merck KGaA) for 24 h. The medium was subsequently replaced, in the second step, with a different medium composed of L-DMEM, 10% FBS, 10 mmol/l nicotinamide (Sigma-Aldrich; Merck KGaA), 20 ng/ml epidermal growth factor (PeproTech, Inc.), 50 ng/ml FGF-10 (R&D Systems, Inc., Minneapolis, MN, USA) and 300 nmol/l (−)-indolactam V (LC Laboratories, Woburn, MA, USA) for 1 week. In the third stage, cells were treated with L-DMEM, 10% FBS, 10 nmol/l exendin-4 (Sigma-Aldrich; Merck KGaA) and 50 ng/ml activin A (PeproTech, Inc.) for 1 week. The medium was replaced three times per week. Control cells were treated with L-DMEM without the following inducers: Retinoic acid, nicotinamide, epidermal growth factor, FGF-10, indolactam V, exendin-4 and activin A.

Insulin-secreting cell induction was detected by morphological observation under the light microscope, positive staining with dithizone (1:10) ([@b35-mmr-18-02-2097]), immunofluorescence \[for pancreatic and duodenal homeobox 1 (PDX-1), insulin (INS), nestin (NES) and C-peptide\] and semi-quantitative PCR (for INS and NES expression). To detect the secretion of insulin for 5.5 and 25.5 mM concentrations of glucose, an ELISA (EMINS; Invitrogen; Thermo Fisher Scientific, Inc.) was used.

### Statistical analysis

GraphPad Prism software version 6 (GraphPad Software, Inc., La Jolla, CA, USA) was used to analyze the data by Student\'s t-test. Data from three sets of results were expressed as the mean ± standard deviation. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### Morphological characteristics of BM-MSCs

After 6 h seeding, cells began to attach and proliferate. Although hemocytes were initially present among the BM-MSCs, these were eliminated after sub-culture ([Fig. 1](#f1-mmr-18-02-2097){ref-type="fig"}). Adherent cells formed a fibroblast-like layer, and the appearance of the cells remained the same for all passages. The cells grew until P23, following which they appeared to enter a senescent phase ([Fig. 1](#f1-mmr-18-02-2097){ref-type="fig"}).

### Surface markers of BM-MSCs

Immunofluorescence, semi-quantitative PCR and flow cytometry were used to analyze the surface markers of BM-MSCs. Cells from P4, P10 and P18 exhibited positive expression levels of CD73, CD90, CD105, CD166 and CD31 upon semi-quantitative PCR analysis; this was not the case for CD31 ([Fig. 2](#f2-mmr-18-02-2097){ref-type="fig"}). As presented in [Fig. 3](#f3-mmr-18-02-2097){ref-type="fig"}, immunofluorescence staining revealed that BM-MSCs expressed the specific markers CD29, CD44, CD90, CD105 and Vimentin. Additionally, flow cytometric analysis revealed high rates of positive expression of the following markers: Vimentin (99.70%), CD44 (99.07%), CD90 (99.86%) and CD105 (99.87%) ([Fig. 4](#f4-mmr-18-02-2097){ref-type="fig"}). Data are presented as the mean ± standard deviation.

### Colony formation and growth kinetics

Clonogenic capacity was assessed by microscopy ([Fig. 5Aa-c](#f5-mmr-18-02-2097){ref-type="fig"}). The number of colonies formed by P4, P12 and P21 cells was 38.8±0.4, 28.6±0.2 and 24.6±0.3, respectively ([Fig. 5Ad](#f5-mmr-18-02-2097){ref-type="fig"}). These results suggested that the BM-MSCs were capable of self-renewal. Data are presented as the mean ± standard deviation.

Growth curves demonstrated that P4, P12 and P21 cells exhibited similar growth and proliferation kinetics ([Fig. 5B](#f5-mmr-18-02-2097){ref-type="fig"}). Following a 3-day latency phase, cells reached a logarithmic phase, and subsequently a stable phase. The population doubling times were 36.3, 41.6 and 45.8 h for P4, P12 and P21, respectively (data not shown).

### Karyotype analysis

BM-MSCs were diploid, containing 78 chromosomes (38 pairs of euchromosomes and two sex chromosomes; [Fig. 6](#f6-mmr-18-02-2097){ref-type="fig"}). No abnormalities were detected. This result suggested that the cells were stable *in vitro*.

### Osteogenic differentiation of BM-MSCs

Following culture with osteogenic inducers, BM-MSCs exhibited significant alterations in appearance ([Fig. 7](#f7-mmr-18-02-2097){ref-type="fig"}). As time progressed, the morphology of certain BM-MSCs altered, with the cells becoming larger and more polygonal ([Fig. 7A](#f7-mmr-18-02-2097){ref-type="fig"}). At 4 weeks post-induction, the morphology and positive Alizarin Red S staining were observed ([Fig. 7B and C](#f7-mmr-18-02-2097){ref-type="fig"}). The number of cell aggregates increased, and semi-quantitative PCR revealed that RUNX2 and SPP1 were expressed in the induced cells, although not in the non-induced control group ([Fig. 7D](#f7-mmr-18-02-2097){ref-type="fig"}).

### Adipogenic differentiation of BM-MSCs

Adipogenic induction of BM-MSCs was detected by Oil Red O staining and semi-quantitative PCR. On day 21, the cells had differentiated into adipocytes successfully ([Fig. 8A](#f8-mmr-18-02-2097){ref-type="fig"}), and certain cells exhibited positive staining with Oil Red O, where fat droplets were more evident ([Fig. 8B](#f8-mmr-18-02-2097){ref-type="fig"}). There were no apparent morphological alterations in the control group ([Fig. 8C](#f8-mmr-18-02-2097){ref-type="fig"}). Semi-quantitative PCR revealed that the induced cells expressed PPAR-γ and LPL on day 21, whereas the control group did not ([Fig. 8D](#f8-mmr-18-02-2097){ref-type="fig"}).

### Chondrogenic differentiation of BM-MSCs

Following 1 week of incubation in chondrocyte-inducing medium, BM-MSCs appeared to form aggregates and exhibited rapid proliferation. Subsequently, the proliferation rate reduced, and the cells exhibited a higher ratio of nucleus to cytoplasm. Following culture with the chondrogenesis inducers for 4 weeks, the cells exhibited positive staining with Alcian blue ([Fig. 9A-C](#f9-mmr-18-02-2097){ref-type="fig"}), and the chondrocyte-specific genes COL2A1 and SOX9 were detected by semi-quantitative-PCR ([Fig. 9D](#f9-mmr-18-02-2097){ref-type="fig"}); however, these genes were not expressed in the control group.

### Hepatogenic differentiation of BM-MSCs

Following culture in hepatocyte-inducing medium for 1 week, BM-MSCs exhibited round and polygonal morphology. The numbers of round and polygonal cells increased gradually, and a cobblestone-like morphology appeared 10 days subsequently ([Fig. 10Aa](#f10-mmr-18-02-2097){ref-type="fig"}). Glycogen synthesis and storage were detected by PAS staining in the induced cells ([Fig. 10Ab](#f10-mmr-18-02-2097){ref-type="fig"}). By comparison, the control cells exhibited no obvious alterations ([Fig. 10Ac](#f10-mmr-18-02-2097){ref-type="fig"}). Semi-quantitative PCR revealed that the hepatocyte-specific genes ALB and AFP were expressed in the induced group and not in the control group ([Fig. 10B](#f10-mmr-18-02-2097){ref-type="fig"}). The induction was additionally evaluated by flow cytometry ([Fig. 10C](#f10-mmr-18-02-2097){ref-type="fig"}). Based on ALB expression, \~82.65% cells were successfully induced to differentiate into hepatocytes. Data are presented as the mean ± standard deviation. Consistently, immunofluorescence staining and microscopy additionally indicated that the induced cells were positive for ALB ([Fig. 10D](#f10-mmr-18-02-2097){ref-type="fig"}).

### Insulin-producing β-like cell differentiation

No morphological alterations were observed following step one. Following step two, islet-like clusters began to appear, and these clusters matured following step three. The clusters exhibited scarlet staining with dithizone ([Fig. 11A](#f11-mmr-18-02-2097){ref-type="fig"}). Semi-quantitative PCR demonstrated that the induced group expressed β-cell-specific genes, including and NES, whereas the control group did not express these genes ([Fig. 11B](#f11-mmr-18-02-2097){ref-type="fig"}). The ability of the cells to secrete insulin and C-peptide was tested by ELISA *in vitro* at 5.5 and 25.5 mM glucose. The results demonstrated that the induced insulin-secreting cells were functional and glucose-responsive ([Fig. 11C](#f11-mmr-18-02-2097){ref-type="fig"}).

Specific markers of insulin-secreting cells, including PDX-1, INS, NES and C-peptide, were additionally demonstrated to be expressed using immunofluorescence at different times during induction ([Fig. 12](#f12-mmr-18-02-2097){ref-type="fig"}).

Discussion
==========

Hematopoietic stem cells (HSCs) and MSCs are the two primary cell types in the bone marrow. HSCs are recognized as blood cell precursors, whereas MSCs are capable of multipotent differentiation, self-renewal and expansion. Stable and uniform BM-MSCs may be separated from HSCs of the bone marrow via the adherence screening method, density gradient centrifugation, fluorescence-activated cell sorting ([@b31-mmr-18-02-2097]) and immunomagnetic microbead selection ([@b32-mmr-18-02-2097],[@b33-mmr-18-02-2097]).

Cells isolated from the bone marrow are considered a possible source of MSCs. MSCs have great significance with regard to tissue homeostasis, and may additionally regulate inflammatory reactions, and stem cell renewal and induction. BM-MSCs are recognized as an ideal resource for use in stem cell therapy due to their multipotent differentiation capability, immunosuppressive function, rapid proliferative ability, abundance and their possible high degree of purification. It appears that the present study is the first to demonstrate that BM-MSCs derived from the Tibetan mastiff have stable genetic properties and multipotent differentiation capability. In future, studies may focus on the underlying molecular mechanisms of hepatocyte-like cell differentiation and compare Tibetan mastiff BM-MSCs with those derived from other species.

To examine the potential multipotent differentiation of BM-MSCs, it was determined whether BM-MSCs may be successfully induced to differentiate into osteocytes, adipocytes, chondrocytes, hepatocyte-like cells and insulin-secreting cells. Cells cultured in each of the different inducing media exhibited notable staining and gene expression differences compared with the non-induced (control) cells.

The adipogenic induction medium included dexamethasone, insulin and isobutyl methylxanthine. Dexamethasone is a corticosteroid medication that may control immune and metabolic reactions. During differentiation, dexamethasone increases gene transcription and interferes with the Wnt signaling pathway. Insulin, a peptide hormone, controls fat metabolism, whereas isobutyl methylxanthine is a phosphodiesterase inhibitor and stimulates the synthesis of cyclic adenosine monophosphate. All three factors combined may successfully induce adipogenic differentiation. These adipogenic stimuli activate PPAR-γ to terminate the induction of pre-adipocytes. The co-existence of PPAR-γ and LPL may lead to the expression of adipocyte genes including LPL and PPAR-γ ([@b34-mmr-18-02-2097]).

L-ascorbic acid, dexamethasone and β-glycerophosphate may maintain the morphology of osteogenic induced cells, which alter from spindle-shaped cells into diamond-shaped osteoblasts. Notch, Wnt and bone morphogenetic protein may regulate osteogenic induction ([@b35-mmr-18-02-2097]), providing a basis for determining the underlying mechanism of osteogenic induction.

In the present study, chondrogenic induction of BM-MSCs led to cluster-like aggregation. Alcian blue staining and semi-quantitative PCR for COL2A1 and SOX9 gene expression were used to determine successful induction. Activation of the mitogen-activated protein kinase P38 pathway may induce chondrogenic differentiation of BM-MSCs ([@b36-mmr-18-02-2097]).

To assess the functional differentiation of BM-MSCs into hepatocyte-like cells, the present study evaluated the induction rate by flow cytometry, ALB expression by immunofluorescence staining, glycogen levels by periodic acid-Schiff staining and the expression of ALB and AFP by semi-quantitative-PCR. It was revealed that BM-MSCs were induced into hepatocyte-like cells successfully with a one-step protocol. For the induction medium, fibroblast growth factor (FGF)-4, HGF, ITS and dexamethasone were added. HGF is a cytokine that is secreted by sinusoidal endothelial cells and Kupffer cells and stimulates the proliferation of hepatocytes. FGF-4 may promote the development and growth of the fetal liver and is a signaling molecule originating in the endoderm layer, whereas ITS and dexamethasone may stimulate hepatocyte nuclear factor 4, an important transcription factor, thereby inducing the differentiation and maturation of hepatocytes. However, these mechanisms are not well understood at present, and it is necessary to further investigate methods of induction. More extensive research is required to examine the signaling pathways involved in induction, and this may have important implications for the treatment of liver injury.

To assess the functional differentiation of BM-MSCs into insulin-secreting cells, the secretion of insulin in response to different concentrations of glucose was determined using ELISA, the expression of C-peptide, insulin, nestin and PDX-1 was determined by immunofluorescence, the presence of islet-like clusters was ascertained by dithizone staining, and INS and NES expression levels were determined by semi-quantitative PCR. To induce the differentiation of BM-MSCs into insulin-secreting cells, a three-step protocol was used including only a defined media and no transfection. This approach was chosen for its potential therapeutic applications. In the third step, exendin-4 and activin A maintained increased expression of β-cell markers. Replication and neogenesis of β-cells are stimulated by exendin-4, which is a potent glucagon-like peptide-1 agonist ([@b37-mmr-18-02-2097]). Although the present study was able to induce differentiation into insulin-secreting cells and verify the function of these cells *in vitro*, the underlying mechanism is not completely understood. In order to test the applicability of this method for the treatment of diabetes, it is necessary to explore the cell signaling pathways involved in induction and demonstrate their functionality in future *in vitro* and *in vivo* studies.

In conclusion, the findings of the present study preliminarily verified that Tibetan mastiff-derived BM-MSCs are a potential resource for clinical applications, including cell therapy and tissue engineering. However, the underlying mechanisms of the differentiation of these cells remain to be elucidated and determining these mechanisms is essential, as they may be associated with certain mechanisms of tissue repair. Further work is required to focus on the ability of Tibetan mastiff-derived BM-MSCs to treat associated diseases in animal models, in addition to the underlying molecular mechanisms and signaling pathways. The present study revealed that BM-MSCs were derived from the Tibetan mastiff, and the self-renewal capability and functional differentiation of these cells were verified *in vitro*. The present study further proved the regenerative ability of Tibetan mastiff-derived BM-MSCs, and revealed that the bone marrow is a potential source of progenitor cells for the treatment of various canine diseases.
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![Morphology of cultured BM-MSCs. (A) Passage 1, (B) Passage 2, (C) Passage 3, (D) Passage 4, (E) Passage 5, (F) Passage 6, (G) Passage 7, (H) Passage 8, (I) Passage 9, (J) Passage 10, (K) Passage 11, (L) Passage 12, (M) Passage 13, (N) Passage 14, (O) Passage 15, (P) Passage 16, (Q) Passage 17, (R) Passage 18, (S) Passage 19, (T) Passage 20, (U) Passage 21, (V) Passage 22 and (W) Passage 23, respectively (scale bar, 100 µm). All cells were homogeneous and exhibited a spindle-shaped morphology during culture. BM-MSCs, bone marrow mesenchymal stem cells.](MMR-18-02-2097-g00){#f1-mmr-18-02-2097}

![Semi-quantitative polymerase chain reaction analysis of specific markers in BM-MSCs. The results demonstrated that BM-MSCs of different passages all expressed CD73, CD90, CD105 and CD166, and did not express CD31 (an endothelial cell marker). GAPDH was used as an internal control. CD, cluster of differentiation; BM-MSCs, bone marrow mesenchymal stem cells; G, GAPDH; M1, Marker 1; molecular ladder; P, passage.](MMR-18-02-2097-g01){#f2-mmr-18-02-2097}

![Immunofluorescence staining of BM-MSCs at passage 5. The immunofluorescence staining images illustrated markers of the BM-MSC phenotype. Cells expressed (A) CD29, (B) CD44, (C) CD90, (D) CD105 and (E) VIM. Scale bar, 100 µm. CD, cluster of differentiation; VIM, vimentin; BM-MSCs, bone marrow mesenchymal stem cells.](MMR-18-02-2097-g02){#f3-mmr-18-02-2097}

![Flow cytometric detection of BM-MSCs. BM-MSCs were labelled for the MSC surface makers Vimentin, CD44, CD90 and CD105. The control sample was cells incubated with PBS and no antibodies. The rates of cells positively expressing each marker were all \>96%. Data are presented as the mean ± standard deviation. CD, cluster of differentiation; VIM, vimentin; BM-MSCs, bone marrow mesenchymal stem cells.](MMR-18-02-2097-g03){#f4-mmr-18-02-2097}

![Colony formation assay and growth kinetics. (A) Colonies of BM-MSCs at different passages (scale bar=100 µm): (a) P4; (b) P12 (c) P21 and (d) bar chart of colony-formation rates for different passages of BM-MSCs. (B) P4, P12 and P21 BM-MSCs all had typical sigmoidal growth curves. Cell density is shown by the vertical axis. The growth curves comprised a latent phase, logarithmic phase and plateau phase. Data are presented as the mean ± standard deviation. CD, cluster of differentiation; BM-MSCs, bone marrow mesenchymal stem cells; P, passage.](MMR-18-02-2097-g04){#f5-mmr-18-02-2097}

![Chromosome and karyotype analysis. (A) Metaphase chromosome analysis (magnification, ×1,000) and (B) karyotype analysis of BM-MSCs. The number of chromosomes in the BM-MSCs was 2n=78 \[38 pairs of euchromosomes plus two sex chromosomes (XX)\]. BM-MSCs, bone marrow mesenchymal stem cells.](MMR-18-02-2097-g05){#f6-mmr-18-02-2097}

![Osteogenic induction of BM-MSCs. Morphological analysis of the osteogenic induction of BM-MSCs was performed. The cells were incubated in inducing medium for 4 weeks. Following induction, cells were positively stained with Alizarin Red S: (A) ×40 magnification; (B) ×40 magnification; and (C) ×200 magnification. (D) Semi-quantitative-polymerase chain reaction analysis of osteoblast-specific genes. The induced group expressed the osteogenic-specific genes RUNX2 (lane 1) and SPP1 (lane 2), whereas the control group (lanes 3 and 4) did not. Lanes 5 and 6 were GAPDH for inducted group and control group, respectively. BM-MSCs, bone marrow mesenchymal stem cells; RUNX2, runt related transcription factor 2; SPP1, secreted phosphoprotein 1; M1, Marker 1; molecular ladder.](MMR-18-02-2097-g06){#f7-mmr-18-02-2097}

![Adipogenic induction of BM-MSCs. (A) Following 21 days of incubation in adipogenic medium, the cells exhibited large fat droplets and (B) were positively stained with Oil Red O. (C) There were no apparent morphological alterations in the control group. Images were captured at magnification, ×200. (D) Semi-quantitative polymerase chain reaction analysis demonstrated that the induced group expressed the adipocyte-specific genes LPL (Lane 1) and PPAR-γ (Lane 2), whereas the control group (Lanes 3 and 4) did not. Lanes 5 and 6 were GAPDH for inducted group and control group, respectively. BM-MSCs, bone marrow mesenchymal stem cells; LPL, lipoprotein lipase; PPAR-γ, peroxisome proliferator-activated receptor-γ; M1, Marker 1; molecular ladder.](MMR-18-02-2097-g07){#f8-mmr-18-02-2097}

![Chondrogenic induction of BM-MSCs. Following incubation in chondrogenic induction medium for 4 weeks, the cells (A) formed cluster-like aggregates and (B) were positive for Alcian blue staining. (C) There were no apparent morphological alterations in the control group. Images were captured at magnification, ×40. (D) The results of the semi-quantitative polymerase chain reaction revealed expression of the chondrocyte-specific genes COL2A1 and SOX9 in induced cells, although not in control cells. BM-MSCs, bone marrow mesenchymal stem cells; COL2A1, collagen type II α1 chain; SOX9, SRY-box 9.](MMR-18-02-2097-g08){#f9-mmr-18-02-2097}

![Hepatocyte differentiation of BM-MSCs. (A) Cellular morphologies and PAS staining: (a) Pre-staining, (b) PAS staining and (c) control group cells without PAS staining. Images were captured at magnification, ×40. (B) Semi-quantitative polymerase chain reaction analysis demonstrated the expression of the hepatocyte-specific genes AFP and ALB in induced cells, although not in control cells. (C) Flow cytometric analysis of ALB expression demonstrated the induction of BM-MSCs: Control group and induced group. Data are presented as the mean ± standard deviation. (D) Immunofluorescence revealed that the cells were positive for ALB. BM-MSCs, bone marrow mesenchymal stem cells; PAS, periodic acid-Schiff; AFP, α-fetoprotein; ALB, albumin.](MMR-18-02-2097-g09){#f10-mmr-18-02-2097}

![Functional insulin-producing β-like cell differentiation. (A) Following induction, BM-MSCs formed obvious islet-like clusters. All clusters were stained scarlet with dithizone (scale bar=100 µm): (a) magnification, ×40, (b) magnification, ×200 and (c) control group cells without staining (magnification, ×40). (B) Semi-quantitative polymerase chain reaction analysis demonstrated that the induced group expressed the islet cell-specific genes INS and NES; however, the control group did not express these genes. (C) ELISA measurement of insulin and C-peptide at different concentrations of glucose. Data are presented as the mean ± standard deviation. BM-MSCs, bone marrow mesenchymal stem cells; INS, insulin; NES, nestin.](MMR-18-02-2097-g10){#f11-mmr-18-02-2097}

![Immunofluorescence analysis of insulin-producing β-like cell differentiation. Islet-like cell clusters expressed PDX-1, INS, NES and C-peptide (C-Pep). Nuclear staining was performed with DAPI (scale bar=50 µm). INS, insulin; NES, nestin; C-Pep, C-peptide; PDX-1, pancreatic and duodenal homeobox 1.](MMR-18-02-2097-g11){#f12-mmr-18-02-2097}

###### 

Primer sequences used for reverse transcription-polymerase chain reaction.

  Gene      Primer sequences                    Tm (°C)   Product length (bp)
  --------- ----------------------------------- --------- ---------------------
  RUNX2     F:5′-TTCCAGAATGCTTCCGCCAT-3′        60        343
            R:5′-CCCTCTCGTGGTTGCAAGAT-3′                  
  SPP1      F:5′-GCCAAGCAAGTCCAACGAAA-3′        59        344
            R:5′-CCACATGTGACGTGAGGTCT-3′                  
  LPL       F:5′-ACTGGTTGGCGGAGGAATTT-3′        60        469
            R:5′-GCTTCCTTTGAGTTGCACCG-3′                  
  PPAR      F:5′-TTTCCCATTGCCGCTCAAGT-3′        60        262
            R:5′-GCAAATCGGGCTTTCTGTGT-3′                  
  COL2A1    F:5′-AATTGCTGGCTTCAAAGGCG-3′        58        353
            R:5′-GACCGACTTTGCCTTGAGGA-3′                  
  SOX9      F:5′-CCGAACAGACGCACATTTCC-3′        60        302
            R:5′-TTCGTTGACGTCGAAGGTCT-3′                  
  AFP       F:5′-CCGTCACCAGTTGTAAGGCA-3′        60        290
            R:5′-AACCGTTATGGCTCGGAAGG-3′                  
  ALB       F:5′-AGCCTTTGGCACAATGAAGT-3′        59        170
            R:5′-GAGAAAAGGCAACCAGCACC-3′                  445
  Insulin   F:5′-CCTTCGTTAACCAGCACCTGT-3′       58        
            R:5′-CAGCTGGTAGAGGGAGCAGAT-3′                 
  Nestin    F:5′-TCCGGGAAGGAGTCTGTAGG-3′        59        267
            R:5′-ACCCTCTGGGGACTCATCTC-3′                  
  CD73      F:5′-CACATCTGATGATGGGCGGA-3′        60        460
            R:5′-GGTTTCCCCAAAGGGCAGTA-3′                  
  CD90      F:5′-TGGAGGGTTGGAGAAGGAGT-3′        60        265
            R:5′-GCACTGATGGGGGAGGTAAG-3′                  
  CD105     F:5′-GAGCCCAGTGACTCTTTCCC-3′        58        377
            R:5′-AAACGTCACCTCACCCCTTG-3′                  
  CD166     F:5′-GACCAAGCAGATTGGCGATG-3′        58        495
            R:5′-TCTCTGTTTTCATTAGCAGAGACAT-3′             
  CD31      F:5′-ACCCCTATTGTGCTATGTCAGT-3′      59        212
            R:5′-AGGCATGGTGATTAAGCCCT-3′                  
  GAPDH     F:5′-TTCACCACCATGGAGAAGGC-3′        60        497
            R:5′-TCCGATGCCTGCTTCACTAC-3′                  

RUNX2, runt-related transcription factor 2; SPP1, secreted phosphoprotein 1; LPL, lipoprotein lipase; PPAR, peroxisome proliferator-activated receptor; COL2A1, collagen type II α1 chain; SOX9, SRY-box 9; AFP, α-fetoprotein; ALB, albumin; CD, cluster of differentiation.
